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HO’EES OH THE STA31LITY AJKD CONTROL

OF !l?AILIJZSSAIRPLANES

Dy Rob6rt T . Jones
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Problens Involved in the stability and qontrol of-
tailless atrplanes are discussed. Such factors as the I.o-
cation of the aerodynamic center and its= effect on the
longitudinal stability, longitudinal trin w~th”pigh-lif% “- ‘
devices, the effects of various changes in ihG shape””o~””%lii’ “-”””’
wing on lateral sta%ility, and the effects of nace~es are” ‘- ‘“” ‘-

—r-
. .

covere&. —.

It aypears that sufficient stability and controllabil-
ity.can.be secured without sweepbacke WitI:-swbepback, a
flay over the center

...
section of the wirig nay be” us-&I’%’6 “““- ‘:

serve the dual purpose of elevator co”ntrol and hi~hnli?% “- ~
device . Sweepback introduces unde-sirable s-tli~ling charac-” ““—”
teristics, however, and nay require auxili~y devices to

-.—..

pre~ent stalling of tke ti~s.
-. .-

----. .—...—_:=--_. ..__.:_.“ ,-, -. -.

IITTRODUCTION

The adv~tage in arrange~ent and p~T”~Oi~a-riC~that the
tailless airplane has over the caq-%en~io+zial%j@e “b”ti-’a~.’ =““-~

ready been the subject of con””ti~derii%lediscussion. The
Pr0St3TIt paper is chiefly concerned with aerodynanio ‘fac--
tors as they affect the stability-and c“b~trol 52 tail~”ess _,__=j
airplanes. .--—.—__ :,.--=&

With the s.erodynanic inform~tion available at pres-
ent, tbs desi~ner should be able to predict wi~hconfi-
dence the behavior of ~“ airplan~ that :esemb16s in”desi,~n-” ‘--
a reasonably conventional wing.

,-.
There is st~~l, ho”Wever-,””””””-’ -

a lack of tnfdrmation on the loading of wings with’lar~e ‘
angles of sweepbaclc and on the loadin~ of win<g~ of v.ory
low aspect ratio. -----------....._......-— .-
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8. eleyator or rudder deflection

3 .“

-..

k+, l+, km radii of gyration about axis.
Jk A-u

,. indicates by subscript ,

}

x’
Y
“z

Uot

c

length of. fuselage
. .

mass of aimplane .,
=.

angular .velocity in rolling.

anguI.ar velocity in pitching
.“

~angular velocity in yawing ...

d.istancb along flight ~ath

airplane axes
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LONGITUDINAL STABILITY AND CONTROL ..
I.

.

.

.

.
“

An hr~inary wing witha slight reflex camber and dihe-
dral has.all the aerodynamic characteristics nece=ti”y -
for ~oth lateral and longitudinal s%a%ility. As in the
conventional airplane, longitudinal stab3T1Ty ‘i–ngliding
f}fght impractically assured if the center of gra~ity is
located slightly a-head of the aerodynamic contci of the
wing {fi&. l)? For wings of normal aspect ratio and di-
mensions the’ acr”odynamic center is loc”ated at about 24
percent of the mean chord. At very low aspect ratios tho
aerodynamic canter movos ahead and upward, and the attain-
“mont “of Stability and balance becomes more difficult. The
location is also appreciably changed 3Y the addition of a
strcm.@ine nacelle. or by swoepback. Changes in wing sec-
tion generally have onlj- a slight effect. An extreme re-
duction in thickness tbw&rd the tra.iling””ed”gemay CtiUS-~”--LZ
backward displacement of 2 or 3 perqent. Con+e”rse3.y, it
is possible to produce a forward shift of the same arnou”ht
by abnormal thickening of the rear ~ortion.

——

.

.

,..-.

—

...: _nL

The addition of a stream~ine fuselage or nacelle
causes a forward shift of “the aercrdynamic ceriier;”thus ne-
cessitating a more forward location of the center of grav- .-

.—
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i-by. Figure .2 (plotted from data given in reference 1)
shows the movement- of the aerodynamic center actually
caused by a relatively large fuselage. in...combination.with
tho wings It will be ‘noted that, when the wing intersec--
tion was near the nose of the fuselage, the intorforonce
was sufficient to nullify tho unsta%le moment; that iS,

the aerodynamic center was not shifted. A comprehonsivo
analysis of tho effects of tho fusolago and na,collos on
both the longitudinal and tho lateral stability paramotors
will be found in a rbcont .brticlo by Multhopp (roforenco 2).

The stability characteristics of a tailless airplano
differ from those of a conventional airplano Chiefly in
the ~~ucod kinematic damping of tho pitching notion.
Figuro 3 shows the estimated damping coofficionts

(3)

for several airfoil arrangononts. It is to IJO notod that
the addition of tho tail surface increases tho kinematic
damping nearly 10 times. Both theory and eq~erlnont indi-
cate that tho o.ffect of tho fusolago on tho danping is
not important. (The valuo of ~cmD~ is of the ordor of

-0.2 fora fuselage of tho proportions illustrated in
fig. 2).

If the thille,ss airplane i6 statically stablo (that
is, has its center of gravity ahead” of tho ao.rodynanic
contor), the froo rotations In pitch will be couplod wi,th
nqtions nornal to the chord and tho damping of these no-
tions will bo offoctive in reducing the pitching,

Figure 4 s~ows tho calcula%od periods and ratgs of
damp~ng of. tho short-perfod Iotigitudinal oscillations, for
varying degrees of static stabilit.v. In addition to the

(recluced damping coeffi.cient ~ 1
)

~D6 = - ~ s the all-wing

airplane was assumed to.have a reduced” reorient of. inertia

in pitch
( )
ky=;cO The curves shown apply to a wing

chord of 10 feet at a loading of 20 p-b”unds.per square foot
and are typical of the results of an ~xtensfve series of
calculations. The dotted lines indicate locations of the
center of gravity for aperiodic not.ion.in this node.

Y,
i
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It “is remarkable that, althaugh the gqtary danping
coefficient cnD6 . .,. of the tailless airplane is-”o~ly on-e-

.. .
tenth that of the convention& airplane”, the result”a.rit
danping of oscillations in flight is nearly as great. The
additional, darq?ing is o%tained through coupling “with the
vertfcal notion- The lack.of direct da.npin-g””zippe-arsto.
alter the sequence of the notions in such a way as to nake ““““”-
thiscoupling:nore effe-ctive in the case of the tailless
airplane.

—— __ - —-— -. . . --”,.=
In, slow longitudinal notiops involving changes of

flight speed, the stability of the convontionnl airplane
is usually_ inpaired by tho action of th~ slipstr~an on the
tail surfbco. In tho usual qrrange”ri~rit,the lift of ~ho
wings ‘acts behind the center of gra.vity”and a downward .-

trinning load is carrj.ed %y the tail surface,” which.is in
tho sl~pstrean. Sinco the velocity.in the slipstroan
tends t~ renain noro nearly constant $han tho flight v~=
locity, the forces om-thp wing and_on the tail surfaces

.—

will not vary ‘with fli,ght speed in tho sano pro-po’rtiog.~“
Thus if the. airpl~ne noses up and loses flying speo?i.Y-”-”the
wingsg having nest of their area outti”i’ilgtlic slipstrq@n, _-
will lQse lift at a rato groator than the-rate of ro~uc”rn

=

tion of the downward trinning load and tho airplane qa~ ‘- ~
..continuo, $0 nose up in an unstable n.anncr-, The tail-less
arrangement affords a dofinito advantage in t“@o.tsuch ad-

.verse cffocts,can be easily elininatod. . . ..;:--:
-.

In the gliding condition, tho dmping of tha phugoid
notion of..a tailless airplane is 10SS than that of a con-
ventional .~irplane and there is;: in general, so~ewhat
groatcr likelihood of phugoid instability with the t“ail-
10SS .airplanoa (See fig. 5*) With power on, tho eofivori--
,tional airplaga,is noro unsta~lo hooause of the tLOS”E-3bil-
izing influonco of the sltpfitrean. Inascmch as t%c period
of this, oscillation is Tory long and tho ~tmpi”ng slight in
any case,” the diffnrencos shown are. considered. tininportant.

A decided changq i~’th~ charact~r of t’~o longitudi-
nal .qotion will occur if the coritcr “of gr~yity is +llowad
to shift to a posit,iqn behind the aez.odynan”ic ce~fite,r. In
th~s condition the.rato of divergonc~ of tho t_a..illess
airplane is rmch nore rapid than that. of tho co~?ont”ional
typo and nay boconG uncontrollable at .xclativcly s~ll
‘nc3gative values of Z?. Figu~u 6 shows typical tiariatioris
of tho danping factors at saall values of--=. As the con-
dition of noutra~ static .st”a%il.ity (.Z= Q) is approached~

——

—-:.

,(

---

.



-.

-.

6 NACA Technical Note No. 837 -L...:~–.-,
●

the couplox roots aro_replaco.~ by real roots, ono .of which
l)f3couos posit ivcl at- “x = o, indicating g rapid divorgonco
of tho tailless .airplano in tho region of static instabil-
ity.

It should be possi~leta sebure satisfactory longitudi-
nal control with a st,raight wing sinply ’by utilizing the
pitching action of narrow flaps. Because trin at” higher
angles of attack would be attained by raising the flap and
thus reducing the can,ber, t-he arrangement would entail sone
reduction in naxinum lift, the anount depending on the de-
gree of static stability. I’igure ‘7 shows the elevator an-
gles and corresponding reductions in CL for several

nax
flaps with a straight wing. The curves were based on the
reductions in c1 (below CL~ax) and the pitching nozlents

obtained in experiments with. flaps. It is to be noted
that ‘de narrower flap is’ the nOrQ efficient (though less
“powerful) elevator. Tho computations wore nade for a rec-
tangular wing of aspect ratio 6. ,Vory high lift coeffi-
cients could IJO attained only with “the aid of sor’m device
that did not displace tho oentor of pressure.
?

Figuro 8 shows elevator ,defle”ctions necessary to pro-
duce s, specified curvature of the flight path and illus-
trates the increased maneuverability of the tailless air-
plane. The elevators are designed to give equal pitching
nonents in order that h“oth the conventional and the tail-
less airplanes would require the sane elevator deflections

‘ to produce equal changes in trim. ‘The increased path cur-
vaturo or normal acceleratflon possible” with the tailless
airplano is ‘a consequence of the smaller damping in pitch-
ing.

.. .

If sufficient sweepback i,s employed, it becomes pos-
si%le to use camborod ‘sections or sections with flaps
designed to increase the” lift ovor “the contor sections of
the wing. In such an arr.angomont the lift developod by
the flap or lIy the cam’bor is placed sufficiently far ahead
to offset the pitching mdmcnt& Furthermore’, if tho flapped
portion of tho wing is placed somowh.at farther ahead, so as
to bring tho contr’oid of it,s load forward of the center of
gravity~ tho flap may bb used directly as an elevator.
(S00 fig. 9,) Downwtird deflection of tho flap will then
incroaso th~ lift and the angle of att~ck simultaneously,
as illustrated in figure 10. .

If the angle of sweephack is small, “it may be assumed

4

,

.,

.
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“\ that the sp”anwise laading is not altered hut is merely ro-

tated backward through the. angle of sweep- The jji;ching”
moment due to a small amount “of sweep thus depends on the
spanwise location of the load centroid of the straight
wing. Tigure 11 shows the calculated locations of this
centroi.d corresponding to flaps of various lengths extend-
ing from the middle of the wing.: ?he _centroi.d for E flap
of 100-percent span is the same as that fo-r a ‘i~ge ,~n

—..

angle of attack of the wing as a whole and thus” locatos
the spanwise position of the aerodynamic conter~ ~i “Is -

——

preferable to assuno that the lift loads act, along-~he
quarter-chord line and “to tako account of”the backward
displacement of t-ho flap I.ift load by calculating the in-
tegrated pitching momont of the flapped sectiong”; >,ecause
tkls moment is nore independent of asllec-t-iaf”~6.je<fect”#..
than is the lift. E’or rough estimates, the lift ad~e& by
the flap ‘may Be assumed to act at abouti 45 per~ent ‘of the
chord of those sections inboard “cifthe. fl-ap ti~ arid cQong
the quarter-chord line outboard of the flap tip. .

A small dam~ing c_aefficient %s a definite a~-

van’tage in._that the -pitching dis”
~Zr . According -t

*or (re”fer,once 3),
o calculatii

a Straight wing: moving into an in-
creasing gust” will experience no p-itching moment what”-
ever o,hout the quarter-chor,d line. Although it tiight”%e
expected that the nose of the “wing, being in a rti”gionof
greater velocity than %-he rest of the wing, woul-d to de-
flected upward,: tko.re will to at the sane timo an accelqr-
atio~ of tho avorago normal velocity over the entire chord,
which will lead to an aerodynamic inertia force zicting at
tho 50-percent-chord point”and which, calculations show,
is just sufficient to ha,lance tho nonentg about thti a-e-ro-
dynanic center. The argunent.may beex%ended to include
any arbitrary variation of vertical velocity along the”
path of the airplane. —-,:

Because the wing will actually have its center of
gravity ahead of the aerodynamic center for stab~it-y, it

e= follows that the action of a’risin~ ~ust will ho .to reduce
the angle of attack and thus au.tone.tic~lly to difii’ni_shthe
‘force of the gust. In fi~ure 12 a.ro plottqd. some ,cV~.~SS

& calculated by the nethod of referonco 4, to show the of-,
feet of a gust on tailless and conventional airylanes.b“\ The gust was @ssumod to have uniformly, increasing velocity.
In tho caso of the, conventional airplane, the initial.

● pitching .rlotion is in a direction that increas_e~ tho angle. -.

__
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of--attack because of tho differonco .in tho gust voloci -
tios at tho wing and at tho tail.

LATERAL STABILITY AND CONTROL .

With careful de’si~n, tho tailless ~irplano should ho
able to approach the conventional airplane in its l.a~oral
stability and control chctractoristics~ Tho main diffic-
ulty is undoubtedly in tho proyision of suffici~.nt weath-.
ercock stability and dampipg in yawing. The required de-

.. gree of such stability is essentially the same as that for
a conventional airplane and in either case is greatly re-
duced if the adverse yaw ofithe ailerons is eliminated.
For this reason .it seems desirable to use a lateral con-
trol having a zero or a. slightly favorable yawing action.
Favorablo action is probably best achiovcd bya linkago
betwoon ‘cho aileron and the. rudder controls. or %Ta link-
age between the ailerons and a servo tab on the rudder.
With the aileron ya~i compensated,, the fin area required
will be about in proportion to the size of the nacelles
becauee the wing alone has marginal weathercock stability
and damping.. The ungtal)le moment ,of the nacelles may be
estimated by Munkls formulas (reference 5).

Different s.tatid yawing-moment characteristics may be
‘obtained by altering the plan and elevation shapes of the
wing. Changes.of “plan form alone do not, however, have a
pro~ounced effect on the lateral-stabilfty characteristics
exupt insofar as they modify the Btalling behavior of the
wing. Weathercock stability may be secured by the use of
sweepback combined with negative dihedral or with cnd
plates at the tips. The negat~v,e~dihodral arrangement re-
sults in a favorable combination of rolling. and yawing
moments if the control ‘5.s“made to act on the turned-down
tips. The yawing moment due to the rolling motion produced
is adverse, however, and of such magnitude as to counter-
act -the favorable effect, unless ex”treme nogativ.~ .dihodra~
is employed. If extreme negative dihedral i.s USQ&S the
contr.ollc+rs on tho tips act ,prima.rily as. rudders arid sop-
e,rate ailerons must %e providod on the main wing surfaco~
Tho tips tho’n correspond .to’end platds on,the under .sido
of tho Wing. ‘

.. .

End plates on tho under side of the wing will exper-
ience an out~+ard force as a continuation of the lift of
the wing. It might be thought. that the outward lift of

n
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such end plates would he unfavorable to weathercock stabil-
+ ity, %ecause, a-sidqslip would ‘increase the.lift; and” hence -

the drag, on the down-wind ylate. In the true resolution
of forces, however, it is found that the resultant t@n-ds.
to turn, maintaining a direction nearly enough at right
angles to the wind to outweigh the drag increase.” There

*
i is~ therefore, actually a favorable. w-eathercock—action, as”” ‘“

shown in figure 13. Similar considerations apply in de-
termining the yawing moment of a wing wfih “dihedral. in‘.
this case the ,customary setting, which inclines the lift
inwarcl$ results in adverse weathercock action. For a more
comple’te analysis, of the lateral-stalility characteris-
tics of wings,, the reader is refer”rod to r.ofor~nco=6P

..- .—
. The re”quirerrtontof &ihodral for stability is. essen-

tially the same ,for a tailless ai.rp~and as for “A-conien=
tional airplqne. If spiral stability is not co~sidered.

. essential at all spe~ds (as is uswlly the case) , it seems
. advisable to limit thp dihedral to 1,0 .o>.2° in order .t_o_ .-..

reduce lateral oscil”lqtions in rough a,ir.
8 --- - --v _

.

.

.

.

..

.

.

●
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●

h
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As in the case OY @itching m“otion, elimination of the
tai,l greatly reduces the rotational damping. Figure 14
‘shows the estimated tlamping” coefficients- of yawing motion

~Cn ‘
... ..

c = —.
nr. for some typical ,+rrangements. ~he damping of

@ . . . .
-.,,.v .0

a well-streamlined fuselage of”round or oval cross Section -
will be very ,small. 03e set of oscillation experi@jnfs
g=ve a valueeqyivalent to Cn+ = -0.005. for a fuselage

—
having a length equal to. ‘two-tQirds the win’g span. In
this case, ‘however, tj~e fuselage .~erfiinated In”a F6rtical
wedge, a featiire which may well have accounted for ‘the
greater part of its dampinge The damping of the wing is
due to the distribution of drag along the span ati~ bocomos
greater at higher lift coefficients. Within tho usual
limits of dihedral and woathercock offocts, tho damping of
tho fro~ Iatoral oscillations is invariably greater than
is indicated by the danping of pure yawing tio~oti”’iiZon6””””
c The additional danping “is provided”by Cy and

.._.e~

‘r - ,’ B’ w
and is introduced thrbugh t-he coupling of these _,~otions
(side slipping And rolling) with t_~e yavr}ng notion. .Be-
cause %oth CyB and CD;. as well a“sfithecouplig~ between

yawing and roliing notions tent to dininish at lower an-
gles of attack, .,the ltiter.al oscillation is”nore- likely to
be troublesome at high speed. , Figure- 15 shows g-alculqted

-—
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rates of do.nping of the. fr’ee lateral ,osc-il.lationsfor typ-
ical values of the stability derivatives. Tho ValUQ “of

.?

cl used corresponds to a dihedral angle of approximately
P

20. An indicationof the variation o-f—lateral stability
with Cn

@
and Cle at 10W values Of Cn nay be oh-.

r“
tainecl f>on the charts, ,gfyen in reference 7. ,.

If sweepback is enployed, the fact should be borne in
nind that a pronounced r“bllin~ or pitching instability” nay
develop at high angles of attack becaum of premature tip
stalling associated wi,tiha lateral flow of the boundary
layBr. The effect of sweep iS to introduce a conponent of
the relatively great cbordwise pressure gradient Into a
direction at right anglo”s to the nain strean veloci,ty ovor
the wfng. The viscous” drag of the stream then cannot act
to prevent flow-of the ‘boundary layer ls,torally into re-
gions of lowor pressure over the forward portions of ad-

.

jac~nt wing sectiqns. ,!@ho result Ls that the boundary
layer flows toward the tips of a swep$-hack wing and prena-
ture separation occurs.

#
Figure.16, plotted fron data giVen

in reference 8, shows this effe”ct on sections near the tips
a~ two rectangular wings with sweep. The existence of this

.

effect nay also be inferred fron the tests of reference 9,
in which the swept-back wings ten~ed to nose up when
stalled. (See” fig. 17. ) With 30

.
sweepback this tendency

persisted even when the win~ was given 8.5° washout. Little m
is known about the variation with angle of sweep, although
the tests of reference 9 showed an appreciable effect at
an angle .of 15°. Fron these indications~ it would seen ad- .

visablo to incorporate sone auxi’ltiry boundary-layer con-
trol d6vice, such as leadin&edge slots, in the design of

,’

a tailless airplane having considerable sveep.back.

CONCLUSIONS

1. With careful design it sh~uld be possible to se-
cure satisfactory stability and control in .a tailless air-
plane. The snail rotational danping hardly affects the

*

short-period longitudin~l .oscillations , ~lthough the danp- -.
ing of the stable lateral OSCillabiOniiS likely t-o be re- 8
duced sonewhat, particularly at high speeds.’

{
u

2. Al”thou~h &he dan~infl in p~tchi.ng has a suall’ ef-
fect on the s-t&.%ility with norn~l ce~ter-df-~ravity loca-

..
tions$ the tailles”s ai’rp”lane is in gre”ater danger of i,n-

.

,,
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sta.tility due to an a.bnornal backward shift of the cpnter
of gravity because this instability beco~es nore serious
as the danpi.ng is reduced.

3. As the weathercock stability or the danping in
yawing is. reduced hy elfinlnation of.thg tail surfaces, it
becones nore inportant to overcono tho r.ileron yaw and
the yaw due to rolling,.

4. A. cotisiderable reduction of th~’ disturbances pro-
ducod by vertical gusts is possil?lo in the case of a tail-
less airplane without sweepback.

-..
This. effect, which “is””-

due to a favorable pitching notion, depends on-the “static
stability and the nonent of inertia of the airplane.

5. The use of sweepback nakes it possible toonploy
a partial-span flap as a high-lift tbvice. I-t also” slp-
plifies the pro%len of secnring weathercock stability and
danping in yawing. Wind-tunnel tests of wings “with sweep-
back show, however, that it is necessary. to gua.i-dagai~st

..

“a Pr.onounGed rolling and Pitching instability near the
stall ,

.

.-
Langle”y Meriorial Aeronautical Laboratory, --

-National Advisory Connittee for Aeronautics,
Langley Field, Ta., Octo%or .2, 194.1.”
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